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I n t r o d u c t i o n
The formation of tetrahydrofurane and of pyrrolidine is known to take place by hydrogenation of furane and pyrrole a t normal pressures in the presence of metallic catalysts. W ith furane, P d a t 1£0° C (Starr & Hixon 1934) , Ni a t 180° C (Bourgignon 1908), and Os a t 70° C (Shuikin & Chilikina 1936) are effective; w ith pyrrole, R h a t 100° C and P d a t 160° C (Zelinskii So Yurev 1931), Adkins 1936) are described as catalysts. Thiophen under similar conditions produces perm anent poisonihg of the catalyst (Roberti 1933) . From the known properties of the catalysts which are mentioned above it may be concluded th a t the hydrogenation takes place by the same mechanism as th a t involved in saturation of the olefinic double bond (Twigg & Rideal 1940) , where two-point adsorption of the molecule occurs. Breakdown of the heterocyclic ring does not set in under these conditions. The dehydrogenation of pyrrolidine had also been observed a t 360° C on P tasbestos (Wibaut, Molster, Kauffmann& Lenssen 1930) and on Pd-asbestos (Zelinskii & Yurev 1931) catalysts; tetra-hydrothiophen is converted to thiophen in contact with nickel-alumina a t 350° C (Yurev & Borisov 1936) . Although the tendency is therefore quite clearly in favour of the predominance of the unhydrogenated ring a t high temperatures, it cannot be assumed th a t the hydrogenated structures are completely absent, so the suggestion of-Moldavskii & Kum ari (1934) the sulphides of molybdenum, nickel and cobalt; they demonstrated the presence of tetrahydrothiophen among the reaction products. In the present series of experi ments a t normal pressure, no tetrahydrothiophen could be detected under any conditions, whether the extent of thiophen decomposition was great or small. I t seemed important, therefore, to compare the rate at which the hetero-atom was split off from the tetrahydro-compounds with th a t found for the unhydrogenated ring. As a result of these observations, the mechanism proposed by Moldavskii and Kumari proved untenable, and an alternative is now suggested.
T h e d e c o m p o s i t i o n o f t h i o
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T E T R A H Y D R O -D E R IV A T IV E S B Y H Y D R O G E N A T IO N
The preparation of the stocks of molybdenum sulphide catalysts is described in the previous paper. Nickel sulphide was prepared situ from a stock of nickel hydroxide granules of similar size by treatm ent with purified hydrogen sulphide a t 90° C, and reduced in pure hydrogen for 24 hr. a t 400° C to give the nickel sub sulphide catalysts used.
7*1 ml. of catalyst were heated electrically in a fin . pyrex tube, the temperature being measured by a thermocouple.
The organic reagent was added to a stream of dry, oxygen-free hydrogen by a wick carburettor (Griffith & Hill 1938 ) modified so th a t it could be adjusted without inter rupting the flow of gas. When using thiophen or tetrahydrothiophen, half the stream, which amounted to 14*21./hr., was passed through the reaction tube; the H 2S pro duced was removed and measured by aqueous CdS04, and the unchanged organic sulphur compound measured by combustion, washing out the S 0 2 formed in a spiral washer, and periodic titration of the solution collected. The inlet concentration was determined simultaneously oh the other half of the stream.
W ith the other reagents the course of the reaction was followed by measuring the water or ammonia formed. Calibration of the carburettor was carried out separately by adsorption of the reagent in weighed tubes of active carbon.
Retardants were added to the stream by a second carburettor, through a flow gauge or by a constant-head mercury displacement burette.
The kinetics of the hydrogenation of thiophen
The conversion of thiophen on Ni3S2 and Mo02-MoS2 was measured a t three concentrations and various temperatures. Hydrogen was always present in large excess. Owing to a slow but appreciable fall in activity, corrections had to be made for the time factor in comparing experiments over long periods.
The corrected results are shown in figures 1 and 2. On Ni3S2 the reaction is nearly of the first order with respect to thiophen.
On Mo0 2-MoS2 the order is between O'2 and 0*6 and increases as the temperature is raised or the concentration lowered.
Analysis of the products showed th at mercaptans and tetrahydrothiophen were not present in detectable concentrations, and that the hydrocarbon product was approximately 60 % butene and 40 % butane. 
The retardation of thiophen hydrogenation by coal-gas constituents
Although the decomposition of thiophen occurs so readily on suitable catalysts in the presence of excess of pure hydrogen, the reaction does not take place in coal gas, which contains about 60 % of hydrogen. In order to identify the components respon sible for this retardation effect, additions of the constituents of coal gas, a t the concentrations of which they occur in coal gas, were made to the thiophen-hydrogen stream with thiophen a t 250p.p.m., and the m ixture was passed over the M o02-MoS2 catalyst a t 300° C. The results are summarized in table 1. W ith all the retardants except cyclopentadiene the retardation was temporary, the percentage conversion returning to its initial value of about 70 % when the addition of retardant was stopped. W ith cyclopentadiene, however, the poisoning was perm anent and progressive.
T a b l e 1 . R e t a r d a t i o n o f t h i o p h e n h y d r o g e n a t i o
The retardation of thiophen hydrogenation on JSTi3S2 by H 2S On Ni3S2 a t 400° C and a t a concentration of 330 p.p.m. thiophen conversion was 40 %. Addition of 500 p.p.m. of H 2S reduced it to 20 % or to half of the unretarded conversion. The catalyst was cooled in the H 2-H2S mixture and its magnetic mass susceptibility found to be 7*5 x 10-6 showing th a t all large groups of Ni atoms had been resulphided. On molybdenum sulphide catalysts all the heterocylic compounds are reduced a t nearly the same rates, though the tetrahydro-derivatives react somewhat faster than the unreduced compounds, and the oxygen compounds somewhat faster than their sulphur analogues, especially when allowance is made for differences in concentrations.
Comparison of various heterocyclic compounds
On Ni3S2, however, the reduced rings are much the more reactive. Thiophen and furane are partially decomposed at 350 to 400° C, but pyrrole is not attacked.
D i s c u s s i o n o f r e s u l t s (a)
The mechanism on molybdenum disulphide catalysts
The information provided by the adsorption measurements, given in p art I, is most significant. On MoS2, hydrogen is very extensively adsorbed; a t its maximum, about one molecule is held for each ten molecules of MoS2, which is equivalent to about four molecules of hydrogen for every surface atom indicated by the low temperature adsorption of nitrogen. The sharp increase a t 150° C to a value which is nearly constant a t higher temperatures suggests th a t little penetration of the lattice is occurring, but th a t the hydrogen atoms can penetrate between the plates of fhe MoS2 crystals where the nitrogen molecules are unable to do so.
On the mixed Mo02-MoS2 catalyst, hydrogen adsorption is much less, and pre sumably takes place almost entirely on such sulphide as is present, as it is known (Griffith & Hill 1935) th a t adsorption of hydrogen on M o02 is slight.
Thiophen, on the other hand, is more extensively adsorbed on the mixed catalyst than on the pure sulphide. As the MoS2 catalyst is the more active, it is evident th a t the activated adsorption of hydrogen is the rate-controlling step. This conclusion is strongly supported by the fact th a t thiopben, furane and their tetrahydroderivatives are all decomposed a t about the same rate on the MoS2 catalyst, although their adsorption isobars vary widely in character. I t is significant th a t activated adsorption of hydrogen and the decomposition of the heterocyclic compounds both begin a t about 150° C. Activated adsorption of the heterocyclic compounds also occurs in the temperature range where reaction begins. These facts suggest strongly th a t activated adsorption of both reactants is necessary.
In the decomposition of thiophen, there is no evidence for the intermediate for mation of tetrahydrothiophen. I t is suggested th a t the reaction proceeds by the following steps:
(1) Two-point adsorption of thiophen on a pair of adjacent Mo atoms in an exposed plane of the MoS2 layer lattice.
(2) Conversion to the half-hydrogenated state by reaction with a hydrogen atom adsorbed on an adjacent Mo atom.
(3) Rupture of the carbon-sulphur bond by reaction of more hydrogen atoms with the half-hydrogenated molecule in which the sulphur atom has become linked to a molybdenum atom.
(4) Conversion of the adsorbed molecule to butene or butane and hydrogen sulphide by continued reaction with further hydrogen atoms.
These steps may be represented by the scheme: In the decomposition of tetrahydrothiophen, a simpler mechanism is likely; this may involve a first step in which carbon and sulphur are held simultaneously on the molybdenum surface, but may only require single-point adsorption of the sulphur atom. Further attention is given to this suggestion in the discussion of the nickel sulphide catalysts.
The two-point adsorption postulated above is consistent with the known dimen sions of the MoS2 lattice and the length of the various bonds. I t is very similar in character to th a t proposed by Herington & Rideal (1945) for unsaturated hydro carbons on molybdenum oxide catalysts. In the molybdenum plane of MoS2, the Mo atoms are 3-15 A apart. Assuming the Mo-C bond to be 2* 14 A (Pauling 1944), two-point adsorption of thiophen by adjacent carbon atoms can occur if the Mo-C-C angle is expanded to 112° 5' from the tetrahedral angle of 109° 28'. Similar arguments apply to furane or pyrrole.
This disposition of the organic molecule on the molybdenum surface still leaves ample space for the adsorption of hydrogen atoms on adjacent molybdenum atoms. The picture is in keeping with the recognized outstanding properties of molybdenum disulphide as a catalyst for the destructive hydrogenation of many types of organic substances.
I t also explains the retardation of the decomposition of thiophen by cyclopentadiene, as this hydrocarbon has carbon-carbon distances practically identical with those in the heterocyclic molecule. I t will therefore be capable of adsorption on similar surfaces and will ultimately block them completely by undergoing extensive polymerization.
(b) The mechanism on nickel subsulphide catalysts
The observations now recorded differ from those of earlier investigators in one im portant respect. This is th a t a streaming method has been used in place of the static system previously employed, and, as a result, the composition of the catalyst is different.
Nickel sulphide in a closed vessel may survive partly unchanged in contact with hydrogen and hydrogen sulphide. Under high pressure, it would be expected to catalyze the formation of tetrahydrothiophen by two-point adsorption of thiophen on atoms in one of those planes of the NiS lattice which contain only Ni atoms at a suitable spacing.
At normal pressures in a streaming system, unless the gas contains a high per centage of H 2S, no NiS survives and the .catalyst is Ni3S2 with a completely different structure. Only in the 111-plane are Ni atoms suitably spaced to give two-point adsorption of the heterocyclic molecules or of hydrocarbons, but they occur in groups of three, as shown in figure 5 , so th at there is now no opportunity for the simultaneous presence of enough adsorbed hydrogen atoms to lead to reaction.
This feature is in agreement with the fact th at Ni3S2 has no value as a catalyst for destructive hydrogenation of hydrocarbons, but is effective for the hydrogenation of reactants, such as CS2, which are adsorbed a t a single point by their sulphur atoms (Crawley & Griffith 1938) . Tetrahydrothiophen falls into this category and is now shown to decompose readily on Ni3S2 at temperatures as low as 200° C, th at is at approximately the lowest temperature at which activated adsorption of hydrogen is apparent. I t is probable th at a similar mechanism, involving only single-point adsorption on the catalyst, applies to the decomposition of the tetrahydro-derivatives on MoS2 catalysts.
This mechanism cannot apply to the behaviour of thiophen and furane. I t is suggested th a t these substances decompose by an entirely different cycle of changes, in which the solid does not function as a true catalyst.' The first step is the production of metallic nickel by the reduction of Ni3S2. This is followed by reaction of the hetero-atom with the metal, the sulphide or oxide produced undergoing subsequent reduction in due course. This view is confirmed by the fact th a t H 2S and H 20 have now been found to be formed more' quickly by the action of hydrogen a t 400° C on Ni2S3 and NiO respectively than they are by the decomposition of thiophen or furane in contact with Ni3S2 catalysts. The heterocyclic components, moreover, react relatively slowly with preparations of the catalyst known to contain metallic nickel; when reaction does occur, it is appreciably faster with thiophen than with furane. The retardation by H 2S of thiophen decomposition on Ni3S2 is in agreement with the proposed mechanism. Any other substance which is strongly adsorbed on the catalyst would also tend to suppress the production of metallic nickel a t tem pera tures above 350° C, and it is therefore not difficult to understand the failure of this catalyst to decompose thiophen in coal gas.
